This paper reports the results of an analytical study comparing capillary gas chromatography (GC) operated in the normal mode with 2 new GC techniques, comprehensive GC (GC´GC) and targeted (or selective) multidimensional GC, which use a longitudinally modulated cryogenic system (LMCS), recently developed in our laboratory. A high-temperature application of derivatized sterols, of interest in fecal pollution monitoring, was chosen for this work. A directly connected coupled-column ensemble was used, comprising a nonpolar column and a moderately polar column. With LMCS, effluent from the first column is zone-compressed in a cryogenic trap and then pulsed to a short second column, producing narrower peaks with sharp, tall peak responses at the detector. The modulator is operated at a constant frequency, e.g., 0.25 s -1 , to produce the GC´GC result, or is moved in a predefined manner so that whole peaks are selectively trapped and subsequently pulsed through to the second column in the targeted mode. Standard solutions containing a mixture of 7 sterols and 5-a-cholestane internal standard were used. Detection sensitivity is increased by a factor of $25 with the use of LMCS. The estimated limit of detection was about 0.1 mg/mL when normal GC with flame ionization detection (GC/FID) and a 1.0 mL splitless injection volume were used, compared with 0.02 and 0.004 mg/mL for the LMCS operated in GC´GC and selective modes, respectively. Calibration curves for GC/FID were linear over the 0.1-2.0 mg/mL range tested. Reproducibilities for the GC´GC and normal GC modes were comparable; generally, relative standard deviations (RSD) were on the order of 3-4%, based on raw peak responses. Improved reproducibility was found for selective LMCS operation, at an RSD of around 2%; with internal standardization, better results were achieved. The coupled-column arrangement allowed complete separation of sterol peaks from overlapping impurity peaks in a number of instances with LMCS modes, and its use should improve data quality over that of normal GC operation, in which the overlapping peaks interfere with measurement of peak response in the normal mode.
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T he longitudinally modulated cryogenic system (LMCS), which incorporates a small cryogenic trap able to oscillate longitudinally along a capillary gas chromatographic (GC) column, was pioneered and developed recently by Marriott and Kinghorn (1, 2) . The cryogenic trap performs the expected function-it halts the migration of peaks along the column. To recommence the movement of the trapped peaks, the trap (approximately 3 cm long) is simply moved a sufficient distance in the direction of the incoming carrier flow to expose the cryofocused band to the oven heat. We can call these 2 positions of the cryotrap the trapping position (T) and the remobilize position (R), respectively, as shown in Figure 1 . Figure 1 also depicts schematically how the LMCS is set up in a GC oven. For more details, refer to ref. 3 . The diagram shows that 2 capillary columns are arranged in series, which makes the system suitable for multidimensional gas chromatography (MDGC) studies. It is possible to use one capillary column through the total system, but this will not give the MDGC result. In the absence of cryogen fluid, this system functions as a normal coupled-column system-the multichromatography procedure. In most applications to date, the first column (first dimension) is of low polarity, separating solutes according to their boiling points. The second column (second dimension) has a more selective polar phase and separates compounds on the basis of either their polarity or another desired property that can differentiate peaks coeluting from the first column. This difference in polarity suggests that if zones of effluent can be focused into the trap and rapidly pulsed into the second column, separation of otherwise overlapping peaks can be achieved if the phase choice is appropriate. This separation is the result required of MDGC. The cryotrap acts both as a collection cell and as a rapid reinjection device. The speed of reinjection is fast (estimated to be <10 ms) because the fused silica column heats up very rapidly once exposed to the oven temperature and can produce peak basewidths as small as 80 ms on the short second column connecting the device to the detector (4) .
There are 2 novel ways to use the LMCS in this configuration. The first is to perform comprehensive GC (abbreviated as GC × GC here). This GC technique has been available only for the past 3-4 years and is an innovative, powerful separation tool, which holds much promise for complex sample analysis. Ref. 5 provides an account of the GC × GC concept, technology, and applications. The heart of the technique is the modulator, which moves repetitively at a period about one-fifth that of the peak widths on the first column. This would be like slicing the peak into segments, producing a series of 5 or more pulses into the second column for each first-column peak. The second column, of different phase, may resolve peaks that overlap in the first dimension. By converting the detector data into matrix format based on the pulsing time of the modulator, a 2-dimensional separation plane is obtained, based on retention on the first and second columns, which allows peaks to be represented as contour plots. Because the second column is required to elute peaks quickly, it is normally operated under fast GC conditions (i.e., the column is short, with a narrow id and a phase of thin film thickness). This requires fast data acquisition, and normally 50-100 Hz is used. An additional advantage arising from the combination of the LMCS and the short second column is that sharp and tall peaks are obtained, with a possible 40-fold or more increase in peak height (4) . The GC × GC experiment can also be performed with the thermal modulation or sweeper system introduced by Phillips and coworkers (6, 7) . Because GC × GC allows extremely high resolution, it usually has been applied to complex samples such as petroleums (8, 9) and, recently, essential oils (10, 11) . We have compared the performance of the 2 GC × GC technologies (LMCS and thermal sweeper) for semivolatile aromatic analysis and obtained similar results (12) . Studies of GC × GC have investigated the intriguing patterns possible for related compound classes (5, 13) ; although some studies have been devoted to quantitative analysis (14, 15) for example, the determination of target components in petroleum-type samples with excellent results, additional demonstration of the analytical capabilities of these new GC modes is needed. The increased reliability of identification-due to the enhanced resolution-and the improved detection limits were stated to be attractive features, with the added advantage that a true baseline can be established. This characteristic of GC × GC was demonstrated in the determination of atmospheric organics, using the cryogenic modulation system (16) .
A second option for the LMCS is to conduct what we term the targeted or selective MDGC technique. Here, the trap is moved at predetermined times, selected to allow complete peaks to be collected and fully reinjected on column 2. Again, if collected peaks have different physical properties that allow their differentiation on column 2, we can separate otherwise overlapping peaks. We have developed and demonstrated this concept recently (17) . This method is now more akin to conventional MDGC, which employs heartcutting,but in the LMCS case no valve or flow switching is used, and the experimental setup is considerably simpler. The only considerations are the selection of the timing sequence and the choice of a suitable column ensemble. Figure 2 illustrates the relationships between peak distribution and the movement of the trap in the 2 modes outlined here. The selective mode shows that the trap is kept in its trapping position, T, for the duration of the peak elution and then moves to release the collected solute. The rapid modulation with successive trap-release events required of the comprehensive mode is shown in the bottom trace. GC × GC analysis is easy to implement because it requires no predetermination of times for trapping individual peaks.
At present, the studies reported for GC × GC analysis have been limited in range because of the few laboratories that have access to the technology. The application base must expand in order to demonstrate the capability, performance, and general utility of this new GC operational mode. The thermal modulation method is limited by the upper temperature that can be used for the analysis, because of the need for an elevated temperature-sweeping device (about 100°C higher than the oven) to pulse packets of peaks from column 1 to column 2. Thus, 250°C is about the upper limit of the oven. The cryogenic modulator can operate up to the top temperature of the column, and we have used 360°C in some studies. Thus, for the present study, the sample chosen is a mixture of sterols, which require relatively high temperatures ($280°C). The analytical performance of the LMCS under these conditions is a more stringent test of its capabilities than a low-temperature, simpler application. The compounds used here, coprostanol (COP) and other related sterols, are of particular interest because they are chemical biomarkers of sewage contamination. These biomarker organic compounds have a high degree of source specificity that allows the possibility of tracing the marker compounds back to their origin, thus distinguishing between sources of fecal pollution common to urban or rural environments (18) (19) (20) (21) . COP and trialkylamines were recently compared as tracers for urban pollution in a number of enclosed seas (22) . For measurements of fecal sterols, the use of single-column GC has been the standard approach. However, for environmental samples, it does not necessarily provide positive identification of components, because there is a high possibility of overlapping interfering peaks. Previous work in this laboratory suggested that a multidimensional approach might be advantageous for this application (23) . The aim of this project was to develop a multidimensional GC method combined with LMCS specifically for sensitive detection of fecal sterols in laboratory standards, so that the application 
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could later be extended to environmental samples. The superior separation capability of this approach may make sample cleanup before analysis less important, depending on the nature of interfering coextracted impurities, and results of that part of our study will be reported elsewhere. The first part of the study described in this paper characterizes the analytical performance of the 2 LMCS approaches described above, comparing them with normal GC to gauge the improvement that they may offer over conventional capillary GC. Note that the sterol application presents some challenges because cotrapping different sterols, and pulsing them to the second column, may not necessarily lead to better separation. However, the purpose of the present study was to demonstrate the application of the different approaches to GC analysis, and not simply to obtain better separation of sterols.
Experimental
Reagents and Apparatus (
d) GC system for MDGC-LMCS operation with flame ionization detection (FID)
.-A Hewlett-Packard (HP) 6890 gas chromatograph with a split/splitless injector in the splitless mode and a flame ionization detector usually operated at 5 Hz for normal GC and at 100 Hz for GC in the LMCS mode was used. A pneumatically operated LMCS was retrofitted onto the gas chromatograph as described elsewhere (3). The events switch of the gas chromatograph and a digital timer (accurate and controllable to 0.001 s) permit the timing of the cryogenic modulator movement to be regulated. The timer enables timing parameters to be set from 0.001 s to 100 h. The nomenclature for the timing parameters is [a, b] , where a is the modulation time in seconds when the trap oscillates from trap (T) to release (R) and back to trap position, and b is the hold time in the release position in seconds. It takes 20 ms for the cryogenic trap to move from position T to position R. In this study, for the comprehensive mode, the modulation cycle time was 4 s, and the hold time was 1 s; thus, the nomenclature is [4, 1] . The HP Chemstation events table allows for the timer and CO 2 to be turned on and off at specified times. An internal flow of nitrogen is also provided to the trap.
HP Chemstation software was used for data acquisition. Data were converted to ASCII format through the use of a file export option, which can be read into the Origin graphics program (MicroCal, Inc., Northampton, MA) for chromatogram presentation, or can be converted to matrix form on the basis of (1) the detector acquisition rate, 100 Hz, and (2) the LMCS frequency, a, for the generation of the 2D separation.
For the selective mode, the LMCS movement is carried out by the HP Chemstation event timetable, to output a 24V signal, which is used to control the movement for the cryotrap between positions T and R.
Columns and Conditions
GC conditions included a column ensemble in which the first column was nonpolar (column 1) and the second was polar (column 2), and the columns were coupled in tandem. Column one was an SGE (Ringwood, Australia) BPX5 column, 30 m × 0.25 mm id, 0.25 µm film thickness. The second column was an SGE BPX50 column, 0.1 mm id, 0.2 µm film thickness, and either 1.5 or 2 m long, as indicated. For normal GC, the same column ensemble was used, but cryogen was not supplied to the cryotrap. The oven temperature was programmed from 50°C initial temperature, held for 1 min, increased at 30°C/min to 280°C, and held for 50 min (58.67 min total run). Pulsed splitless (for 1 min) injections were made at a hydrogen column head pressure of 7.34 psi and a pulse splitless pressure of 60 psi. The column flow was 1.2 mL/min with split vent flow of 50 mL/min and purge off for 1 min. Injector temperature was 280°C, and flame ionization detector (6) 47.00 (7) 48.50 (8) a As defined in Figure 3 (Table 1 ). In this case, peak 3 is resolved from peaks 4 and 5 after they elute from column 2, as shown in the expanded inset. All other peaks were trapped individually. C A B temperature was 340°C. Injections were 1 µL. Hydrogen flow into the detector was 30 mL/min, and flows of nitrogen makeup gas and air were 10 and 300 mL/min, respectively.
The cryotrap temperature is monitored on its outer surface by means of a thermocouple. It usually registers a temperature $100 o C below that of the prevailing oven temperature when the cryogen is supplied to the trap. Note that for the GC × GC experiment, the modulation period is chosen to provide a suitable number of second column pulses (e.g., $5) for each peak arriving at the modulator. Because the data are transformed into a 2D plot, too fast a modulation will cause the peak display to be "bunched up" unless the efficiency of the second column is similarly increased. Column 1 is a standard capillary column, operated reasonably conventionally. Column 2 must normally be chosen to provide opportunity for separation of coeluting peaks from column 1. Therefore, we should aim for "orthogonality" of separation dimensions. This can be determined only by an analyst who understands the sample components. In the present example, we use a set of compounds that are very similar chemically, have high boiling points, and require derivatization, primarily because they should represent a difficult challenge in GC × GC. Conse- The comprehensive mode gives a series of second-dimension pulses for each compound. Areas for all pulses for a single compound were summed to get the total peak area. d CHL and DHC were trapped together during the timing procedure used for the selective mode. e Data for only one sterol are shown as a typical result for the ratio of sterol to IS correlation.
quently, orthogonality may be difficult to establish. Thus, we selected a column set that we have used extensively for other studies. For a sample mixture of components with a greater difference in polarity, we might select a more polar second column (for instance, we use a polyethylene glycol column for essential oil analysis). The dimensions of the second column should provide fast GC elution, with good efficiency. Therefore, a narrow bore column with a thin film is preferred.
Standard Preparation
Appropriate volumes of standard solutions in dichloromethane were added to GC vials and evaporated to dryness with nitrogen. A 200 µL portion of the derivatizing agent was quantitatively added to each vial. The vials were capped and heated in a water bath at 60°C for 1 h before 800 µL dichloromethane was quantitatively added to make a final volume of 1000 µL.
GC/FID Calibration Curves
Calibration curves for each of the sterols were prepared. The concentrations used for this study were 0.1, 0.5, 1.0, and 2.0 µg/mL. A 10.0 µg/mL stock solution of the sterol mixture in dichloromethane was used to prepare the required concentrations, and these solutions were derivatized as described above and then analyzed by the GC modes described earlier.
The IS used in this study, 5-α-cholestane, was present at a constant concentration of 5 µg/mL in each of the final solutions.
Reproducibility
Five successive injections of the same 1.0 µg/mL standard solution of the sterol mixture were made to estimate reproducibility of the retention times, peak heights, and peak areas of each sterol with the 3 GC modes. Because GC × GC produces a series of peak pulses for each peak, the pulses for each compound were identified, and their total areas or heights were summed to obtain these parameters for each peak. In some instances, the response of the largest peak in the series was used.
Results and Discussion
Initial Comparison of Normal, Selective, and Comprehensive GC Modes Figure 3 shows chromatograms obtained by 2 different modes, normal and selective GC. A 1.0 µg/mL sterol standard solution derivatized with BSTFA was used during this experiment, with the results in Figures 3A and B , acquired from 2 successive experimental runs. The normal mode (A) was used first to enable the modulation event timetable of the selective mode (B) to be determined, and to decide if each peak could be completely cryotrapped before the trap was moved to release the trapped peak. Sequence 1 shown in Table 1 was used for the timing of the trap movement, and with this sequence peaks 4 and 5 were cotrapped. An additional step (at 25.00 min) is included in the sequence to clear out any collected material from the trapping region before collection of the first peak. A 2.0 m second column was used for these data, and just before each major peak in Figure 3B a small peak appears. These small peaks correspond to collected column bleed (discussed later), and because the oven temperature at these retention times is isothermal and the later-eluting sterols are increasingly less volatile, the time between the bleed peak and each sterol increases as retention time increases. Because the trap is always cooler than the oven, when it is moved to position R and the trapped band is released to the second column, it continues to collect incoming peaks. These peaks are subse- In Figure 4 (acquired with a shorter, 1.5 m second column), normal and selective GC modes are again compared, with 2 different sequences (sequences 2 and 3, Table 1 ) for the selective mode. Here, 3 extra steps are included in each sequence to prevent impurity peaks, which can be identified in Figure 4A (small unnumbered peaks between 35 and 40 min), from being cotrapped with subsequent sterols. The third mode of operation, employing 4 s pulsing of the cryotrap (GC × GC operation) is discussed in more detail later; however, tabulated results are included in Table 2 to provide comparison of all 3 operational modes. Table 2 reports the retention time (t R ) data for each compound in the 3 modes. For comprehensive GC, t R is taken as the time of the largest of the peak pulses. Standard deviations for normal GC are about 0.02 min (1 s), which is acceptable. The peak-fitting routines used to calculate t R for normal GC peaks should mean that retention times are accurately reported, regardless of the detector frequency used for data acquisition. Standard deviations (SD) of t R are much lower in the selective mode, because the time is largely controlled by the (very reproducible) time of the trap movement, corresponding to the time of reinjection onto the second column. Thus, the SD for the selective mode is about 0.002 min (0.1 s). Data presented for the comprehensive mode must be explained, because they should be as reproducible as those for the selective mode, and the SD values of 0.04 appear too high. These values are based on the t R of the largest peak within the pulses of peaks; however, sometimes a different time pulse peak will be the largest because of the variability in the t R of the peak entering the cryotrap (which is about ±1 s). This slight shift in time is sufficient for the peak profile to be sliced into slightly different zones of the peak distribution, and, therefore, different pulses will alternatively be the largest pulse. Because pulses are every 4 s, the SD will reflect this variation, and thus a value of about ±0.04 min will be obtained. Note, however, that if equivalent pulses are chosen for the comprehensive mode, reproducibility will be very precise, and of the order of that found for the selective mode. With the timing program used for the selective mode in Table 1 , in some cases >1 peak is collected in the trap in the one event. Because the selective timing was operated in this instance so that peaks 4 and 5 were cotrapped, and because the 2 peaks are subsequently unresolved, only 1 t R will be allocated to this pulsed peak. The close elution of peaks 4 and 5 makes precise quantitative trapping of each peak separately a little problematic, although it is possible to quantitatively trap them individually. For this study, peaks 4 and 5 will generally be cotrapped. The similarity of the polarity of these 2 compounds (CHL and DHC) with respect to the mechanism of interaction with the stationary phase does not permit their separation on the short second column after their reinjection. Clearly, primarily only vapor pressure effects can be used in this instance to allow separation. To test this, in another experiment, peaks 3-5 were cotrapped ( Figure 4C ), and after pulsing to column 2, peak 3 was resolved from the other 2 peaks, but peaks 4 and 5 were unresolved. The inset to Figure 4C , shows this result. In this case, EPI is sufficiently more volatile than the other 2 sterols (refer to Figure 3A ; EPI elutes well before CHL) and, therefore, can be separated on the short second column. This perceived problem will not arise with the GC × GC method, in which the first column separation is preserved. In the present case, where the purpose is to demonstrate a comparison between the 3 modes of operation, the coelution of peaks 4 and 5 is not critical. In other experiments, it would be necessary to take this potential coelution effect into consideration if the targeted mode is to be used.
The effect of the cryogenic trapping and peak compression, combined with fast analysis on the second column, is clearly evident in the enhancement of peak height response, as seen in the comparison shown in Figures 3A and B .
Separation Efficiency on the Second Column A 1.0 µg/mL sterol standard solution was analyzed with sequence 2 (Table 1) in the selective mode. Figure 4B , shows the trapping of peaks 2 and 3 and peaks 7 and 8, with expansion of the cotrapped peaks 2 and 3. The peak marked 2 and 3 appears to be a single peak on the less-sensitive time scale, but expansion of this region (the inset in Figure 4B ) shows that peaks 2 and 3 are almost baseline resolved. Thus, if peaks of presumed similar polarity but sufficiently different volatility are trapped together, column 2 will still be able to resolve them. Peaks 7 and 8 were not able to be separated on column 2 when they were cocollected. The task of separating close peaks is easier if their polarities are different. Figure 4C , shows the selective group trapping of components 3-5. These 3 trapped components gave only 2 peaks after separation on the second column (the scale of Figure 4C , makes them appear as a single peak), the first peak being component 3 and the other peak comprising components 4 and 5. Again, the argument is that these compounds are similar in polarity, and it is only their difference in volatility that can be used to obtain separation on column 2. Clearly this difference in volatility is insufficient in the example chosen here. An alternative mode of operation in GC × GC studies, allowing the possibility of further choice for "tuning" a separation, involves independent temperature control of the 2 separation dimensions (24). This was not investigated in the present system.
An important further consideration is column bleed, which has been reported to be modulated during a temperature program run when the LMCS is used (25) . The contribution of column bleed can be established by running a blank injection and using the same time sequence. The magnitude of the bleed peak will depend on the column temperature and the duration of collection-i.e., how long the trap has been kept in the trapping position. Fortunately, bleed comprises volatile, small, cyclic siloxane species, and, therefore, elutes with little retention on the second column. It is relatively easy to recognize. Bleed is not a problem here because it is well resolved from the peaks of interest; it can be seen that the bleed peaks are larger when the trap has been kept in the trapping position longer. A consequence of this observation is that the solute peaks elute into the detector with little background column bleed. This would have benefits with respect to mass spectrometric detection. Tables 3 and 4 , respectively, show the reproducibility results for raw peak areas and peak heights of the sterols, obtained by normal, selective, and comprehensive analyses. A 1.0 µg/mL sterol standard solution derivatized with BSTFA was used during this experiment to determine the reproducibility of normal GC and LMCS in both the selective and comprehensive modes; 5 replicate injections were made. Relative standard deviation (RSD) values lower than about 5% were obtained for raw peak areas by using the 3 methods, and the selective mode had smaller RSD values (about 2%) than did the other 2 modes. These results suggest that the selective mode is superior with respect to reproducibility, and certainly it appears that the cryotrap intervention in the chromatographic and modulation processes does not adversely affect the quality of the chromatographic data. Of course, if the peaks are too small to be registered by normal GC, LMCS operation can provide access to usable quantitative data. Because these data are for raw peak areas, considerable uncertainty arises from the injection volume. For peak heights, RSD values were similar for the normal and comprehensive modes, but the selective mode again generally had better reproducibility for all peaks. Also, because in the selective mode the peak may elute on a slightly varying baseline, the proper recording of peak area can be affected if the peak processing parameters are not properly set for the very fast peaks. This could give imprecise area measurement. Peak areas of the sterols across the normal, selective, and comprehensive modes are comparable, e.g., about 19.4, 20.2, and 23.4 pA × s, respectively, for COP; these results are expected because mass conservation applies. However, peak heights varied considerably; for example, COP values ranged from 1.9 ± 0.1 pA for normal GC to 63.6 ± 1.3 and 110.1 ± 4.4 pA for selective and comprehensive GC modes, respectively. Note that the peak height quoted here for the comprehensive trace is for the sum of all pulsed peaks for a single compound (see Figure 5) . Taking the average of the tallest peak in each packet of COP peaks over the 5 successive comprehensive runs for the 1.0 µg/mL standard solution gave an average height of 37.8 ± 3.0 pA. The sensitivity of peak response with the use of LMCS increased by a factor of about 30 or more over that of normal GC.
Reproducibility Study
The reproducibility of the area and height response ratios of sterol/IS was similar to the reproducibility of the raw results (Tables 3 and 4) . The ratio is shown only for COP/IS. Table 5 , which compares peak retention and response data for normal GC versus 2 selective operational modes, is included to show that, in general, peak areas are very consistent from one mode to another, and that areas of combined peaks (e.g., peaks 4 and 5 and peaks 7 and 8 in sequences 3 and 2, respectively) are essentially the sum of the individual contributions; these data reinforce the response height increase of the selective mode.
Calibration Curves Obtained for Sterols by Using
Normal, Selective, and Comprehensive Modes with GC/FID Tables 6 and 7 present raw peak area and peak height calibration data for the test mixtures, along with the regression equations and regression coefficients obtained by normal, selective, and comprehensive analyses. Linearity was observed over the concentration range used, 0.1-2.0 µg/mL. Note, however, that the normal mode did not give a reliable response for the 0.1 µg/mL solution, the lowest sterol concentration used. Limits of detection (LOD), calculated as the concentration that would give a peak equivalent to 3 times the baseline noise, are included in Table 7 for the typical sterol, DHC. The chromatographic results indicate that all LODs will be similar to these values, depending on the mode used. Note that because the normal GC mode data were acquired at 5 Hz, the noise level of the detector is considerably lower than that for the 100 Hz acquisition rate for the fast LMCS peaks. Noise levels were estimated at 0.05 and 0.22 pA, respectively. This means that signal-to-noise ratios are lower than might be expected for the LMCS modes purely because of the improved signal response obtained with the cryogenic system. With the normal GC/FID mode, most of the sterols had detection limits of about 0.1 µg/mL. However, for both selective and comprehensive modes, the lowest concentration of 0.1 µg/mL was well detected, and the detection limits were of the order of 0.004 and 0.02 µg/mL for the selective and comprehensive modes, respectively.
Peak heights of sterols for the 0.1 µg/mL standard solution, obtained with normal GC, varied between 0.11 and 0.20 pA (almost at the LOD), whereas with the selective mode, peak heights ranged from 2.35 to 5.85 pA. With comprehensive GC, the tallest peak for each solute packet ranged between 0.80 and 3.47 pA. Once again, sensitivity with the use of LMCS improved manyfold over the sensitivity of normal GC. Sterol peak areas obtained by both selective and comprehensive analyses were comparable to those obtained by normal GC analysis, as expected. For all sterols, the regression coefficients, R 2 , of the peak heights ranged from 0.9991 to 0.9999, from 0.9941 to 0.9982, and from 0.9744 to 0.9992 for the normal, selective, and comprehensive modes, respectively. For the peak areas, regression coefficients ranged from 0.9991 to 0.9998, from 0.9989 to 0.9991, and from 0.9963 to 0.9999 for the normal, selective, and comprehensive modes, respectively. The slopes of the calibration curves obtained with peak heights indicate the improved sensitivity of the LMCS modes over that of normal GC operation. In general, selective GC produced a 25-fold increase in slope, whereas for comprehensive GC, the summation of all pulses for one compound gave a height response between 40 and 60 times larger than that obtained for the normal mode.
Calibration curves were also prepared from the peak area and peak height data for the COP/IS ratio as a comparison, and the regression data are included in Tables 6 and 7 . Generally, results were similar to raw data calibrations for normal GC and a little worse for the comprehensive GC mode, but the selective mode gave better R 2 values when the ratio was used (even though the selective mode was good for both raw data and ratio data).
The highly linear relationship between concentration and peak height/area shows that LMCS is both a reliable and a sensitive analytical tool.
Two-Dimensional Presentation of Comprehensive GC Results
For the comprehensive GC × GC mode, the period of modulation was 4 s, and the LMCS operation is defined as [4, 1] . The detector produces a string of time-response data, which are then presented as a chromatogram as shown in Figure 5A . This chromatogram can be compared with Figure 4A , which is the chromatogram obtained by normal GC analysis of the same sterol standard solution. Each peak in Figure 5A , is shown as a group of pulses (appearing every 4 s over the peak duration). There is good correspondence between these 2 figures with respect to position and the relative responses of peaks, so that all peaks can be recognized. In Figure 4A , the basewidths of sterol peaks eluting into the detector ranged from 14 (IS) to 36 s (SNOL). Because they elute during the isothermal hold at the upper oven temperature, peaks eluting from the column become broader as the retention time increases. With a modulation period of 4 s, therefore, IS will have about 4 pulsed segments transferred to the second column, and SNOL will have about 9. These pulse patterns can be discerned in Figure 5A , and the expanded inset illustrates them well for peaks 2 and 3. For peak 3 in Figure 4A , there is a hint of an impurity peak (marked I), seen as a shoulder on the peak. In the expanded timescale ( Figure 5A ), the impurity peak I is clearly revealed, having its own pulsed peak envelope just before peak 3, which can be resolved from the major peak on the second column.
By using the modulation period, 4 s here, and with 100 Hz data acquisition, the ASCII data produced by the detector can subsequently be transformed into matrix format to allow presentation of the 2D separation space by using a suitable plotting package. For instance, each 4 s packet of data is converted into a row of 400 data points. The next 4 s packet of data becomes the next row of data, and so forth. Thus, the matrix, and therefore the total separation space, has dimensions of 4 s and 58 min for the modulation period and the chromatogram duration, respectively. Peaks are plotted as contour "spots" within this space, and, therefore, any peak has 2 retention properties-one in the first dimension and one in the second dimension. It is easy to see, then, that the GC × GC experiment can potentially separate many more components, because we can fill up the space with many more individual spots than would be possible if they were resolved peaks placed in a conventional single-column chromatogram. This separation is provided if the compounds differ at least in one respect (polarity/volatility), and the 2 columns have specific phase properties that can separate compounds on the basis of these differences. Figure 5B displays the GC × GC result for data from Figure 5A . The major peaks are numbered according to their elution order, and it is relatively easy to locate all of these peaks and the minor peaks. For instance, peak A is the impurity peak that was discussed in relation to the Figure 4A result, and it occurs just on the leading edge of peak 3; in Figure 5 it is completely separated from the sterol peak. Peaks B, C, and D are a small peak and 2 moderate peaks eluting before 5-α-cholestane. Peak E is the moderate peak eluting at about 26 min, after 5-α-cholestane. Peaks F, G, and H are the 3 small peaks after peak 5, DHC. The contours can be drawn at defined levels, and, therefore, by setting the threshold too high, some of the impurity peaks will be ignored or overlooked in the plotting process.
Importantly, this presentation indicates the ability of the column ensemble to separate impurity peaks from the target compounds, and it may also suggest relative polarities of the compounds or their interaction strengths with the phase. For instance, peaks strongly retained on column 2 may be assumed to be much more polar than others with which they coelute on the first column. Note that the pairs of closely eluting sterols in the normal GC trace elute as pairs in the 2D space, such as 4 and 5 in Figure 5B . However, there is a relationship between the positions of all the sterols. Note that the later peaks give broader, more elongated contours. Because the compounds elute after isothermal conditions are reached, their peaks will be increasingly broader in the first dimension as their retention increases. But that also means they will elute more slowly on the second column, and, thus, will have broader peaks on column 2 also. We can deduce what their elution times are by studying the 2D plot. Peak 1 elutes at 2.5 s after the modulation step; 2 t R = 2.5 s. Peak 2 has 2 t R = 3.5 s, but peak 3 seems to be plotted at the edge of the 2D space; its t R = 9.3 s. This makes the elution order on the second column within the sterol set relatively consistent, and it seems to be based essentially on decreasing volatilities.
Conclusions
Two recently developed modes of multidimensional GC using a cryogenic modulator have been compared with normal capillary GC for the quantitation of a set of derivatized sterols. The chromatograms obtained for these modes are different, and comparison of detector areas and heights with respect to the quantitative data produced in each mode was undertaken. Generally the response reproducibilities of the methods are similar, although the selective LMCS mode gives better reproducibility. The methods are equally able to produce linear calibration results; however, as a result of the zone compression procedure, the selective and comprehensive methods give much greater sensitivity (by a factor of about 25) for peak height data, and improved detection limits. Peak area data also can be obtained at lower sample concentrations because of the compression effect, even though the total area is the same for each method. The sterols in the sample set have similar polarities, and, thus, there is little "multidimensional advantage" with respect to improved resolution of the sterols when they are transferred to the second column. Consequently, the selective method might not provide better separation if >1 sterol is collected in the trapping step. However, if there are overlapping impurity peaks on the first column, separation can be achieved as demonstrated by the 2-dimensional separation space presentation format used for the comprehensive GC result. This suggests that GC × GC combined with LMCS may be a powerful separation tool to improve data quality when environmental samples containing many impurities are analyzed. Further study of the techniques outlined here will be necessary.
